A Corbino-geometry contact configuration combined with a scanning laserspot as a heating source, is used for a thermovoltage mapping in a GaAs-AlGaAs quantum Hall device. For an isotropic system, the Corbino thermopower yields the diagonal component ⑀ xx of the thermoelectric tensor, which should be zero under the prevailing condition of phonon drag. The experiments reveal that ⑀ xx is large and anisotropic with respect to the crystallographic directions. The observations yield conclusive evidence that inhomogeneities are the origin for the existence of ⑀ xx . DOI: 10 The transverse magnetothermopower or Nernst-Ettingshausen ͑NE͒ effect, is the most poorly understood transport property of a two-dimensional electron gas ͑2DEG͒ in the quantum hall ͑QH͒-effect regime. [1] [2] [3] In the earliest investigations, 4 it was found that the experimental magnetothermopower was orders of magnitude larger than expected for electron diffusion. The explanation in terms of phonon drag is satisfactory for the longitudinal component S xx of the thermopower tensor S J , but not for the NE component S xy . The phonon-drag contribution to S xy theoretically is nearly zero, 2 whereas experimentally S xy is as large as S xx . A key experimental discovery to this problem, was the derivative relation S xy ϭ␣BdS xx /dB (␣ a constant and B magnetic field͒ by Tieke et al. 1 An explanation was offered based on the presence of small lateral density variations, 5 which implies that the macroscopically measured S xy is strongly intermixed with S xx . An analogous experimental 6 and theoretical 7 case exists for the resistivities.
In the work presented here, direct evidence is reported that inhomogeneities associated with molecular-beam epitaxial ͑MBE͒ growth have a profound effect on the thermopower. A scanning-heater measurement technique combined with a circular symmetric or Corbino-electrodes arrangement is developed. The Corbino arrangement is exceptionally well suited to tackle the problem, since for an ideal homogeneous sample the thermopower exclusively depends on a transport parameter that is zero for phonon-drag. Although the Corbino thermopower effect is known for half a century, 8 surprisingly little use has ever been made of it, not only in two-dimensional ͑2D͒ systems, but even in 3D materials also. We are only aware of one recent work on bulk InSb, where the ''geometric magnetothermopower'' was investigated in a two-carrier system. 9 The equation that governs the local electrical transport in a 2DEG is
where J is the electrical current density, E is the electrical field, and "T is the temperature gradient. The conductivity tensor J and the thermoelectric tensor ⑀ J are the fundamental quantities that appear in a microscopic theory. The measured thermopower S J , defined by Eϭ S J "T, depends on the ex-perimental arrangement. In all experiments thus far, a Hall bar was used with Jϭ0, so that S J ϭ J Ϫ1 ⑀ J. The measured components S xx and S xy of S J both consist of an admixture of the components of J and ⑀ J, which obscures the information on ⑀ J.
For an experiment with a Corbino-electrode arrangement and isotropic material, the condition of zero current can be imposed only in radial direction. In addition, azimuthal electric fields and temperature gradients cannot exist. Defining the Corbino thermopower S cor as the ratio between radial electric field and radial temperature gradient gives
In the microscopic theory for phonon-drag, it follows that ⑀ xx is equal to zero 2 and for sufficiently small resistivity S xy is practically zero as well. The simple dependence of S cor on the fundamental quantities is appealing, in particular because it is straightforward to measure xx directly in the same sample in the same experiment. A 4-m GaAs bufferlayer was grown by MBE on a ͑001͒ GaAs substrate at approximately 620°C. This was followed by a 20-nm layer of undoped Al 0.33 Ga 0.67 As at 630°C; a 38-nm Al 0.33 Ga 0.67 As layer, n-type doped at 1.33 ϫ10 18 cm Ϫ3 ; and finally, a 17-nm GaAs cap layer. Standard Hall-bar characterization measurements yielded an electron density after illumination of 6ϫ10 15 m Ϫ2 with a mobility of ϳ50 m 2 /V s. Square samples of ϳ4ϫ4 mm 2 were cleaved from the wafer. Ohmic contacts in a Corbino configuration, with inner and outer contact diameters of 1.2 and 2.0 mm, were made by annealing a 210-nm-thick Au-Ge-Ni film for 60 s at 400°C ͓see inset Fig. 1͑b͔͒ . The samples were immersed in liquid helium at 1.5 K in a 7-T-magnet cryostat with optical windows. A 25-m-diameter spot from a diodelaser at 630 nm wavelength could be scanned across the sample and the voltage induced in the contacts was recorded as a function of position. The laser was modulated at 70 Hz to allow the use of lock-in techniques. The thermal penetration depth ␦ th during a modulation period 1/ is estimated using ␦ th ϭͱ2␣/ with ␣ϭK/C the thermal diffusivity of GaAs (K thermal conductivity, mass density, and C specific heat͒. Using typical values of Cϭ10 J/Km 3 at 1.5 K, ͑Ref. 10͒ and Kϳ10 W/mK, ͑Ref. 11͒ ␦ th is found to be ϳ5 cm, or at least an order of magnitude larger than the sample dimension (ϳ4 mm). This means that the experiment represents essentially steady-state conditions so that all transients can be neglected in the analysis.
In Fig. 1͑a͒ , the measured Corbino conductance, which should be proportional to xx , is given as a function of magnetic field. The shoulder at the high field side of a conductance peak occurs when the second subband is populated 12 ͓see Fig. 1͑d͔͒ . The zero field second subband occupation is in the order of 10%. For Fig. 1͑b͒ , the laser was directed at the center of the inner contact. The metal film is not transparent, so that the laser acts as a simple heater. The induced voltage in Fig. 1͑b͒ should be proportional to S cor . Note that it tends to diverge near the QH minima, in strong contrast with both S xx and S xy which are zero there. 4 It should be noted that the expressions for the latter contain denominators that are always limited by the finite xy , whereas S cor is inversely proportional to xx , which approaches zero in the QH regime. Assuming the validity of Eq. ͑2͒, the field dependence of ⑀ xx is generated from Figs. 1͑a͒ and 1͑b͒, and plotted in Fig. 1͑c͒ . Most remarkable is the prominence of the second subband in the thus generated apparent ⑀ xx (B) plot, indicated by arrows in Fig. 1͑c͒ .
In Fig. 2͑a͒ the thermovoltage is plotted as the laserspot is moved across the electrode gap from position x 1 to x 2 as indicated schematically in Fig. 2͑d͒ . From a linescan as in Fig. 2͑a͒ , it is seen that the signal decays within about 0.1 mm from the contacts. It follows that the dominant signal is distinctly different from the one caused by carrier generation as observed in Hall bars. 13, 14 As follows from the data in Fig.  1͑b͒ , with the laserspot on the central contact and 2͑a͒, with the laser scanned across the contact edge, strong signals are obtained both by illuminating the nontransparent metal contact as well as by shining directly into the semiconductor.
Hence, it is concluded that the signal is entirely dominated by thermal effects, even when the semiconducting region between the contacts is irradiated. A strictly contact-related effect, showing up only when the laserspot is positioned very close to the contact edge, can be present as well. It is observed at some parts of the contact and can be identified as a sharp feature superimposed on a broad structure. An example is shown in Fig. 2͑b͒ , where the laser is scanned across a contact edge, from y 1 to y 2 in the sketch of Fig. 2͑d͒ . The contact-related effect can be clearly distinguished from the thermal effect by both the width and the sign.
The sample was cooled over its entire surface, rather than on a circular edge. An estimate for the linewidth of the thermal signal in Fig. 2͑a͒ may be obtained from a twodimensional cooling fin model, where the characteristic length is given by L c f ϭͱKD/2H ͑Ref. 15͒, with D the sample thickness ͑0.4 mm͒ and H the surface heat transfer coefficient. Taking as an order of magnitude estimate for H the inverse Kapitza resistance between a solid and liquid helium at 1.5 K, one obtains Hϳ3ϫ10 3 W/Km 2 ͑Ref. 16͒ yielding L c f ϳ0.8 mm. The experimental value of ϳ0.1 mm ͓see Fig. 2͑a͔͒ is actually smaller than D, so that a 2D model will only yield an upper limit. Because L c f is much smaller than the lateral sample dimensions, the square sample layout does not affect the temperature gradient. In strong contrast to the Hall-bar data, 14 the linewidth depends only weakly on the magnetic field for fields above 1 T. This is in agreement with the thermal origin of the signal, since the temperature gradient is determined by the lattice thermal conductivity of the substrate and so is independent of B.
As seen from Figs. 2͑a͒ and 2͑b͒, the linescans in two perpendicular directions are very dissimilar. A complete overview is obtained by scanning the laserspot across the whole sample and representing the photovoltage at each point in a greyscale image as shown in Fig. 2͑c͒ . The most striking observation is the extreme anisotropy. Not only the signal strength in the two directions ͓011 ͔ and ͓011͔ differs by more than an order of magnitude, even the sign can be different. It was verified that this observation is not an artifact of the setup as the anisotropy direction remained fixed to the sample after it was mounted under a different angle in the cryostat.
As a consequence of the anisotropy as found using the scanning mode, the interpretation of the signal of a centrally heated Corbino ͓Figs. 1͑b͒ and 1͑c͔͒ is no longer clear. Therefore, the case will be analyzed with the spot at an arbitrary position in the annular strip between the contacts ͓heavy spot in Fig. 2͑d͔͒ . Equation ͑1͒ can be worked out in a (, ) coordinate frame with the origin at the Corbinocenter and the axis in the radial direction passing through the spot, see Fig. 2͑d͒ . For a strictly isotropic medium, both E and ‫ץ/‪T‬ץ‬ must be zero for every point along the -axis. Integrating E along the radial between the contacts from point A to B in Fig. 2͑d͒ yields ⌬VϭS cor ⌬T rad , where ⌬T rad is the temperature difference between the contact boundaries. As a result, the interpretation of the image for an isotropic medium would be straightforward.
For anisotropic media, both E and ‫ץ/‪T‬ץ‬ will still be zero for symmetry reasons for all points on a axis along symmetry directions. The analysis above still applies, and we have ⌬VϭS cor ⌬T rad , with S cor ϭ⑀ / and now the direction refers to a symmetry direction. Since ٌT is determined by the substrate, it is expected to be isotropic, or at least the same in the two equivalent bulk directions ͓011 ͔ and ͓011͔. Therefore, the data in the image along the directions ͓011 ͔ and ͓011͔ can be directly interpreted as ⑀ ii / ii data, where the index i stands for ͓011 ͔ or ͓011͔. Interpolation expressions for arbitrary directions between ͓011 ͔ and ͓011͔ will not be pursued in this paper. For the anisotropic case, the requirement of no external current, necessary for Eq. ͑2͒, is not rigorously fulfilled, because of shunting effects by the sample itself. Ignoring the shunting effects is reasonable, because the shunting impedance is of the order of the relevant intrinsic impedance.
With the heater spot centered at the central electrode as in Fig. 1͑b͒ , all directional information is lost. The measured thermopower will correspond to the one in the direction in which it is largest. A better arrangement is to use a contact configuration that does not strongly distort the thermovoltage distribution generated around a heated spot. Such an arrangement is provided by the segmented outer ring, shown in Fig.  3͑a͒ . By selecting the proper electrodes on the outer ring, it is possible to measure directly the variation with magnetic field of S cor in the ͓011 ͔ and ͓011͔ symmetry directions. Here, again, it is assumed that "T does not depend on the magnetic field. The results are displayed in Fig. 3͑b͒ and are consistent with the image of Fig. 2͑c͒ . The signal magnitude and even the sign are very different in the two directions. The data confirm in an independent way the extreme anisotropy of the magnetothermopower in the ͑001͒ plane.
To have another comparison of the present technique with the conventional methods for obtaining the thermopower, the evolution of a linescan was investigated in detail when the magnetic field was varied around a QH minimum. Here, the two-electrode configuration of Fig. 2 was used again. Figs. 4͑b͒-4͑d͒ displays three linescans in the faint-signal ͑Y͒ direction of Fig. 2͑c͒ for three characteristic fields near the QH minimum, with occupation number ϭ4 at 6.3 T ͓indicated by arrows in Fig. 4͑a͔͒ . The most remarkable phenomenon here is that for the lower and higher field values ͓Figs. 4͑b͒ and 4͑d͔͒, the maximum and minimum in the thermovoltage are exchanged. At the very QH minimum ͓Fig. 4͑c͔͒, the signal behaves erratic. This might result from the extremely steep field dependence ͓see Fig. 1͑b͔͒ . A sign change for fields at opposite sides of a QH minimum is expected for ⑀ xx in the diffusion-dominated condition, and through this also in S xy in a Hall-bar configuration. 17 A sign-change in the latter was observed also under phonon-drag conditions. 1, 4 In the strong-signal direction ͑X͒ in the Corbino geometry, no sign change has been observed.
Some anisotropy of both thermopower and heat conductivity attributed to phonon focussing has been reported before. 18 Phonon focusing in the ͑100͒ plane has fourfold symmetry, in contrast to Fig. 2͑c͒ , and can thus be excluded as a cause. For the same reason, a possible influence of the square sample layout can be ruled out, as this would lead to a fourfold symmetry as well. Instead, the twofold symmetry of Fig. 2͑c͒ points to a surface-related anisotropy, which leads to anisotropic epitaxial growth. 19 Very recently, it has been shown from atomic force microscopy ͑AFM͒ studies of the surface morphology that such anisotropy exists even for ͑Al͒GaAs heterostructures containing 2DEG's with extremely high mobilities up to 2700 m 2 /V s. 20 The magnetoresistance of the 2DEG's in these samples is extremely anisotropic in the fractional QHE-regime 20 . The surface morphology of our wafer is shown in Fig. 5͑d͒ and is consistent with the data of Ref. 20 . A surface corrugation of a few nanometers height and a ϳ1 m period is clearly discernible with ridges preferentially in the high mobility ͓011 ͔ direction 21 . Associated with the ridges are density modulations, assumed to be of the order of a few percent at most. 22, 20 Direct measurements of the electrical anisotropy were made by making Hall bars along the ͓011͔ and ͓011 ͔ directions. In the dark, the zero-field mobility was isotropic ͑within the accuracy of a few percent͒, while some anisotropy developed at high magnetic fields. After illumination with white light, the anisotropy strongly increased, presumably coincident with the second subband occupation near 5 ϫ10 15 electrons/cm 2 . Our anisotropies are comparable to or somewhat larger than those typically observed for similar samples. 23 Their origins and the relation to the second subband occupation are still under discussion. 23 Magnetoresistance traces for the two directions are shown in Figs. 5͑a͒ and 5͑b͒͒ . To emphasize the anisotropy, the ratio of the two tracks is displayed in Fig. 5͑c͒ . At modest magnetic fields, the anisotropy ratio fluctuates around the zerofield value, but explodes in the regime of the second subband occupation. In these field ranges, the electrons in the lowest subband are localized, so that transport is governed by the second subband only. The Corbino thermopower ͓Fig. 1͑b͔͒ qualitatively follows the field, dependence of the transport anisotropy ͓Fig. 5͑c͔͒. Note that at high magnetic fields, the second subband is populated only in narrow field ranges, as follows from Fig. 1͑d͒ . It is thus concluded that the Corbino magnetothermopower is strongly coupled to the anisotropic transport properties of the sample. The light-induced high electron density makes our samples particularly well suited to reveal the correlation between thermopower and sample homogeneity, because of the relatively strong anisotropy. This is especially true under the condition that only the second subband accounts for the total transport. Our observations also explain why at least S xy is very material dependent as reported previously. 2 For instance, a sign change, such as discussed in Figs. 4͑b͒ and 4͑d͒ , is present in one sample, but not in another. 2 As has been shown theoretically, intrinsic electron and phonon anisotropies may cause a finite ⑀ xx . 3 On theoretical grounds it was also concluded that the derivative relations 1 can be explained in terms of density inhomogeneities. 5 We have presented direct experimental evidence that MBEgrowth related anisotropic inhomogeneities dominate the Corbino magnetothermopower, and along with this the NE effect.
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